ZnO nanoparticles were synthesized in a horizontal furnace at 500 ∘ C using different zinc nitrate hexahydrate concentrations (0.01 and 0.1 M) as reactive solution by ultrasonic spray pyrolysis method. The physical-chemical properties of synthesized ZnO nanoparticles have been characterized by thermogravimetric analysis (TGA), X-ray diffraction (XRD), scanning electron microscopy (SEM), energy dispersive spectroscopy (EDS), and high resolution transmission electron microscopy (HRTEM). With the TGA is has optimized the temperature at which the initial reactive (Zn(NO 3 ) 2 ⋅6H 2 O), is decomposed completely to give way to its corresponding oxide, ZnO. SEM revealed secondary particles with a quasispherical shape that do not change significantly with the increasing of precursor solution concentration as well as some content of the broken spheres. Increasing the precursor solution concentration leads to the increase in the average size of ZnO secondary particles from 248 ± 73 to 470 ± 160 nm; XRD reveals the similar tendency for the crystallite size which changes from 23 ± 4 to 45 ± 4 nm. HRTEM implies that the secondary particles are with hierarchical structure composed of primary nanosized subunits. These results showed that the precursor concentration plays an important role in the evolution on the size, stoichiometry, and morphology of ZnO nanoparticles.
Introduction
ZnO, which belongs to II-VI group compound semiconductor materials, has been extensively studied in recent years for its many advantages. Due to a direct band gap of 3.37 eV and large exciton binding energy (∼60 meV), ZnO was used in a wide range of electronic and optical applications such as transparent electrodes [1] , light emitting diodes (LEDs) [2] , varistors [3] , field-effect transistors [4] , and solar cell [5] . Also, other advantages of high oxidation ability, high sensitivity for many gases, and low costs were considered in application of gas sensors [6] . Due to the various attractive properties and potential applications of ZnO, there has been much attention paid on the fabrication of ZnO nanoparticles in recent years.
Up to now, ZnO particles have been synthesized by various techniques including sol-gel method [7] , hydrothermal synthesis method [8] , chemical vapor deposition (CVD) [9] , precipitation method [10] , laser vaporization condensation method [11] , and ultrasonic spray pyrolysis (USP) method [12] . Among these techniques, USP process has been successfully applied to synthesize a wide variety of inorganic and organic materials. Unlike physical vapour deposition methods, USP does not require high quality target and nor does it require vacuum at any stage, which is a great advantage if the technique is to be scaled up for the industrial applications. In general the USP technique has many advantages, like high purity of synthesized particles, regular shape of particles, and a better control of chemical stoichiometry. Also, this technique makes the experimental process relatively simple.
In the present investigation, we have synthesized ZnO particles at low temperature using the USP technique for having better temperature control and longer residence time particularly in the evaporation/drying stage. In order to provide a better control over the particle morphology processing was done from different precursor solution concentrations (0.01 and 0.1 M). The influence of experimental conditions on the particle size, morphology, chemical stoichiometry, and crystallinity on the ZnO nanoparticles was followed, as well.
Experimental Procedure

Preparation of Nanostructured ZnO
Particles. ZnO nanostructured particles were prepared from aqueous solution of zinc nitrate hexahydrate (Zn(NO 3 ) 2 ⋅6H 2 O) (purity > 99%, Sigma-Aldrich, USA) (0.01 and 0.1 M), as the precursor solution. USP is an effective technique for preparation of homogeneous particle compositions in single step. The distribution of particle size produced by USP is narrow and controllable from nanometer to micrometer range, the purity of product is high, and composition of the ZnO nanoparticles in powder is easy to control. In the present study, ZnO powder was prepared using the USP process with horizontal furnace, and a schematic diagram of the bench-scale USP system is shown in Figure 1 . The USP system setup consists of three zones basically. The first USP zone is to generate the spray from precursor. The precursor solution was placed in bath situated at the upper part of USP equipment (ultrasonic nebulizer RBI with a resonant frequency at 2.1 MHz). The spray of precursor solution was generated by ultrasonic vibrations, and the resulting droplets were then carrying into system with air carrier gas with flow of 1.5 SLPM (flow controller MKS Model 1179, Andover, MA). The second heating zone, in which the droplets were then carried into tubular quartz reactor (10.16 cm in diameter and 156 cm in length) located in the horizontal furnace of three zones (108 cm in length, Lenthon Model Blue M made in England) of high temperature which is maintained at 500 ∘ C for 2 h. The residence time of the mist particles is about 30-32 s in zone 3 of the horizontal furnace. The last and third zone is for the trapping of produced powder.
Estimation of Droplet Diameter.
The average diameter of the mist droplet was approximately calculated from an expression given by Lang [13] :
where is the droplet diameter, Υ is the solution surface tension, is the solution density, and is the applied ultrasonic frequency. The surface tension of the solution was measured by Quinke's method which was found to be 72.49 dyn/cm. The density was determined by specific gravity bottle which was estimated to be 1.003 g/cm 3 . The diameter of the mist droplets in our experiment was calculated using the above expression and was found to be around 2.52 m.
Characterization.
The characterization of the as-received precursor was carried out by thermogravimetric analysis (TGA, Perkin-Elmer Model TGA-7) under air flow for removal of product gases. The heating rate was set at 5 ∘ C/min from 40 ∘ C to 1200 ∘ C. The mean particle size and structure of synthesized ZnO particles were observed by X-ray diffractometer (Philips X'pert) using CuK radiation ( = 1.54Å) in the range of 2 value between 20 ∘ and 60 ∘ . The average crystallite size (CS) by Scherrer formula has been calculated. The equation defined the relation = (0.9 × )/( cos ), where is the average crystallite size (inÅ), the X-ray wavelength (inÅ), B the full width half-maximum (FWHM) (in rad), and is the diffraction angle the position of the peak (in rad) data used in this calculation [14] . The particle sizes, morphology, and chemical composition were analyzed from scanning electron microscopy (PhilipsXL 30/EDS D×4). High resolution transmission electron microscopy (HRTEM) and X-ray energy dispersive spectroscopy (XEDS) analyses have been carried out to study the morphology, grain size, and chemical composition using a JEOL JEM 2100.
Results and Discussions
The precursor weight loss by TGA analysis used in the present study is shown in Figure 2 . TGA curve shows that the precursor (Zn(NO 3 ) 2 ⋅6H 2 O) exhibits two different weight loss mechanisms in the temperature ranges of 40-160 ∘ C and 160-356 ∘ C, respectively. Based on the molecular weights of Zn(NO 3 ) 2 ⋅6H 2 O and its decomposition products, the weight loss during the temperature range of 40-160 ∘ C can be attributed to water evaporation. Then at range 160-356 ∘ C the weight loss mechanism may be attributed to nitrates, and the remaining at range 356-1200 ∘ C is the formation of the chemical compound into ZnO, respectively. From 356 ∘ C to 1200 ∘ C shows the analysis TGA weight stability in the product obtained ZnO. Then, the horizontal furnace temperature was so selected after performing TGA analysis of the corresponding precursor in air atmosphere. The selection criterion was to choose the lowest temperature for which the hydrated zinc nitrate was completely decomposed. There was no further weight loss from 450 to 500 ∘ C. Choosing the lower temperature implies a lower secondary particle growth and therefore having a smaller size in the crystallite size. Therefore this is the chief reason why the USP furnace has not been programmed to higher temperatures. So as to confirm the crystalline structure and present phases of synthesized ZnO powder, the XRD (X-ray diffraction) analysis was carried out. Figure 3 shows XRD patterns for all samples synthesized by USP for 2 h at 500 ∘ C from different concentrations of precursor solution of (a) 0.01 M and (b) 0.1 M. The powder XRD data for the as-prepared samples reveals a wurtzite structure and the products were more or less crystallized with all X-ray peaks matching with the standard JCPDS file [15] . The crystallite phase of ZnO matches with PDF: 80-0075 with a space group P63mc of dihexagonal pyramidal class. There were no additional diffraction peaks in the sample. It has been observed, moreover, that the full width at half maximum (FWHM) of the peaks became smaller with an increase of precursor solution concentration. The differences in the characteristic peak intensities and widths with the concentration could be associated with the lower crystallite size of ZnO particles. The XRD patterns have been used to calculate the crystallite size of the ZnO nanoparticles using Scherrer's formula. The crystallite size is shown in Table 1 . It was found that the crystallite size of ZnO nanoparticles is ∼23 ± 4 nm to 0.01 M which increased to ∼45 ± 4 nm when the precursor solution concentration is 0.1 M. This estimation confirms the observations seen from the XRD patterns.
Typical morphology of ZnO nanoparticles obtained by USP at low and high magnification is shown. In Figures  4(a) concentration (Figures 4(a) and 4(b)), the secondary particle size (∼248 ± 73 nm) is the lowest and is possible to distinguish hollow particles. Formation of more uniform and dense secondary particles can be observed when higher concentration has been used. As we can see in the micrographs (Figures 4(c) and 4(d) ), formation of secondary particles with average size of around ∼470 ± 160 nm to 0.1 M of precursor solution concentration is found. In the case of USP, hollow, porous, or crushed structure particles can be formed when a solute concentration gradient is created during evaporation of the droplet. The solute precipitates first on the more highly supersaturated surface if the sufficient time is not available for solute diffusion in the droplet (the solvent (e.g., water) evaporation characteristic time is shorter than the solute diffusion characteristic time). However, for the droplet sizes used in these experiments (of about 2.52 m for ultrasound frequency of 2.1 MHz), the temperature distribution along the radius of a droplet could be presumably ignored because of small Biot number [16] . If so, the resistance to heat flow within the solid is small relative to the resistance presented by the convection processes at the surface causing the temperature uniformity inside the droplet and at the droplet surface. This implicates that either hollow or solid particle formation is likely caused by the percolation criterion implying that the solution concentration is an important factor to influence the particle morphology. Denser and bigger particles are consist of Zn and O with a negligible presence of Si, and the Zn content of the two samples is about 50.63 and 61.79%. This area energy dispersive X-ray analysis (EDAX) has confirmed excellent homogeneity of the samples and is in good agreement with the nominal starting composition. The negligible presence of Si could be due to quartz tube used in the USP equipment and Al is the material of measurement crucibles.
The morphology and microstructure of the ZnO particles have further been analyzed by TEM and HRTEM. Figures 5(a)-5(b) show the TEM micrograph of the ZnO nanoparticles obtained from 0.01 and 0.1 M concentrations. In Figure 5 (a) TEM micrograph of the ZnO particles synthesized clearly revealed quasispherical and hollow particles with a good distribution of secondary particle size. The average diameter of the quasispherical particles varied from ∼180 to ∼360 nm. The size of the secondary particles agrees with SEM analysis. Furthermore, the diffraction rings, as the characteristic of polycrystalline particles, correspond to crystallographic orientations of (100), (002) 
